ABSTRACT This study was aimed at investigating the bioefficacy of organic compared with inorganic manganese (Mn) for eggshell quality. An amino acid-Mn complex or Mn sulfate monohydrate was used as the organic or inorganic Mn source. A total of six hundred forty-eight 50-wk-old layers (Hy-Line Brown) were divided into 9 groups; each group consisted of 6 replicates with 12 layers each. The feeding trial lasted 12 wk. During the first 4 wk of the feeding trial, the groups were fed a basal diet, which met the nutrient requirements of the layers, except for Mn. During the following 8 wk, 9 levels of Mn (inorganic Mn: 0, 25, 50, 100, and 200 mg/kg; organic Mn: 25, 50, 100, and 200 mg/kg) were used to supplement, respectively, in the basal diet on an equimolar basis. An exponential regression model was applied to calculate the bioefficacy of organic Mn compared with the inorganic Mn. Dietary supplementation with either organic or inorganic Mn did not influence egg production and feed efficiency of (P > 0.05), and eggshell quality did not exhibit a significant response to dietary supplementation with Mn sources at 56 and 58 wk (P > 0.05). Dietary supplementation with either organic Mn or inorganic Mn significantly enhanced the thickness, breaking strength, and elastic modulus of the eggshells compared with the control group at the end of 62 wk (P < 0.05). At the end of 62 wk, the bioefficacy of organic Mn was 357% (shell thickness), 406% (breaking strength), 458% (elastic modulus), and 470% (eggshell Mn), as efficacious as inorganic Mn at equimolar levels. This study suggests that organic Mn enhances eggshell quality in aged laying hens compared with inorganic Mn.
INTRODUCTION
Eggshell quality is a primary concern to the egg producer because a cracked or broken eggshell downgrades the egg and enhances the cost of producing eggs. Eggshell problems are typical in aged laying hens (Nys, 2001) ; numerous nutritional approaches have been investigated to improve aged laying hen eggshell quality. Manganese (i.e., Mn) is an important trace element for layer nutrition. A dietary manganese deficiency can decrease egg production and shell thickness; further, the eggshell ultrastructure becomes abnormal, especially the morphology of mammillary knobs (Leach and Gross, 1983) . Dietary supplementation with Mn can improve breaking strength in laying hen eggshells (Whisenhunt and Maurice, 1985; Ochrimento et al., 1992; Fassni et al., 2000; Mabe et al., 2003; Xiao et al., 2014) . Two types of Mn products, organic Mn (amino acid and Mn complex) and inorganic Mn (Mn sulfate monohydrate), can be used as Mn sources in the layer diet. It is generally accepted that the organic trace element is advantageous for absorption or bioefficacy and, thus, causes less environmental contamination (Henry et al., 1989; Wedekind et al., 1992; Smith et al., 1995; Li et al., 2005; Ao et al., 2006; Yan and Waldroup, 2006) . Limited reports are available on the bioefficacy of organic Mn compared with inorganic Mn for laying hens, and certain published results are inconsistent. Bunesova (1999) and Klecker et al. (2002) reported that organic Mn sources improve laying performance and eggshell thickness, whereas other studies indicate no difference between organic and inorganic Mn sources (Lim and Paik, 2003; Mabe et al., 2003) . The statistical approach and experimental design used to evaluate the bioefficacy of Mn may be the main factors underlying the inconsistency.
Based on data structure of the respective doseresponse trial, the relative bioefficacy of nutrients can be evaluated by parallel line assays (linear response) or by nonlinear models (Littell et al., 1997) , which had been applied to estimate such as phosphorus (Fernandes et al., 1999) , iron (Boling et al., 1998), or copper (Guo et al., 2001 ) in feed ingredients. The precondition of the models assay is that eggshell parameters (e.g., eggshell breaking strength, thickness, or elastic modulus) responded significantly to the dietary nutrient supplementation between the deficient and the satisfied dosages. Xiao et al. (2014) demonstrated that the breaking strength, thickness, and elastic modulus exhibited a significant response to dietary supplementation with Mn. The objective of this study was to evaluate the bioefficacy of organic Mn (i.e., amino acid-Mn) compared with inorganic Mn (i.e., Mn sulfate monohydrate) for laying hen eggshell quality parameters.
MATERIALS AND METHODS

Animal Management and Diet Treatment
The experimental protocol was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. A total of six hundred forty-eight 50-wk-old layers (Hy-Line Brown) were randomly allocated into 216 cages with 3 layers/cage (45 × 45 × 45 cm). The temperature and lighting were consistent with conventional commercial operations. Feed and water were supplied ad libitum.
A Mn-deficient basal diet (Table 1) was used as the pre-experimental (50 to 54 wk) diet and was formulated to provide all the other nutrients in accordance Table 2 ). The experiment was performed over 12 wk. To exhaust the Mn accumulated in the aged layers, the birds were fed the Mn-deficient diet during 50 to 54 wk (pre-trial period). During 55 to 62 wk, the layers were divided into 9 groups; in one group, the Mn-deficient diet was continued, and the remaining 8 groups were fed diets supplemented with different inorganic or organic Mn sources.
The inorganic Mn source was Mn sulfate monohydrate (i.e., MnSO 4 ·H 2 O), and the organic Mn source was a Mn amino acid complex (i.e., amino acid-Mn), in which the Mn and methionine levels were 8.15% and 0.23%, respectively. The Mn-amino acid (Availa Mn amino acid complex, Zinpro Animal Nutrition Inc., Eden Prairle, MN) and MnSO 4 ·H 2 O (GuanghanLongda Feed Additive Inc., Sichuan, China) was obtained from independent distributors in the commercial market, rather than directly from product manufacturers.
Chemical Analysis
To analyze the dietary Mn content, a sample from each treatment (6 replicates/treatment) was ashed at 550
• C for 14 h; it was then dissolved in 10 mL of 6 N HCl and 30 mL demineralized water at high temperature using a sand heater (300
• C for 15 min). After filtration, the volume was increased to 100 mL using demineralized water (Mabe et al., 2003) . The Mn content in MnSO 4 ·H 2 O, diet and eggshell were measured using flame atomic absorption spectrophotometry (AOAC, 1995; No. 968.08 Holwerda et al. (1995) and Li et al. (2004) .
Performance and Eggshell Mechanical Properties
Egg production and feed intake were recorded every 2 wk after the experimental diet was introduced. Egg production and feed conversion were calculated based on mortality, which was recorded during the feeding trial.
Eggshell quality parameters were measured every 2 wk after the experimental diet was introduced. Sixty eggs from each treatment group (10 eggs/replicate, 6 replicates) were obtained at the end of the trial. Egg weight, egg size, and shell weight were measured for 5 eggs/replicate to calculate resistance to fracture (toughness). The other sampled eggs were used to determine the eggshell mechanical properties. The eggshell breaking strength and thickness were measured using a force reader (Orka Food Technology Ltd., Ramat Hasharon, Israel) and egg shell thickness gauge (ESTG-1, Orka Food Technology Ltd.), respectively. The eggshell stiffness was measured using Texture Lab Pro (TMO-Pro, Food Technology Ltd., SV) in accordance with the methods described by Xiao et al. (2014) . The egg shape index was calculated using the following formula: shape index = (width / length) × 100 (Reddy et al., 1979) .
The procedures for measuring the eggshell mechanical stiffness, breaking strength, elastic modulus, and toughness were described by Mabe et al. (2003) .
Statistics
Data were analyzed using a one-way ANOVA procedure provided in SAS 8.02 (SAS Institute, 2001 ). The means were separated using Duncan's multiple comparison tests. A P-value of less than 0.05 was considered significant, unless otherwise stated. The data of eggshell parameters were analyzed as a 2 × 4 × 4 factorial arrangement (Mn source × level × age) using the general linear models procedure of SAS software. An exponential regression model was applied to estimate the relative efficacy of organic Mn to inorganic Mn. The nonlinear models procedure (PROC NLIN) of the SAS system (SAS Institute, 2001) were applied, and the models were fit using the following exponential equation:
where y = eggshell quality criterion (thickness, breaking strength, elastic modulus, and so on), a = intercept (eggshell quality parameters with the basal diet), b = asymptote response, a + b = common asymptote (maximum level), c 1 = slope ratio for inorganic Mn (MnSO 4 ·H 2 O), c 2 = slope ratio for organic Mn (Mnamino acid), and x 1 , x 2 = dietary supplemented level of inorganic Mn, organic Mn, respectively. In Littell et al. (1997) , the bioefficacy values for organic Mn relative to inorganic Mn were provided through comparing the slope ratios: c 2 /c 1 = relative bioefficacy.
RESULTS
During the Mn-exhaustion phase, the birds' egg production declined from 88.3% to 84.5% with age (data not shown). For the entire feeding trial, the manganese deficiency did not influence the mortality (0.86%) of the birds. During 55 to 62 wk, we did not observe differences in egg production, feed consumption, and feed efficiency between the Mn dietary supplementation sources (P > 0.05). The layers fed 50 mg/kg organic Mn reached the highest feed efficiency and lowest feed consumption, but differences were not observed among the treatments for egg production, feed efficiency, and feed consumption (data not shown).
The eggshell quality data are shown in Tables 3 and  4 . The ANOVA analysis (one-way) indicates that, at the end of 56, 58, and 60 wk, most eggshell parameters did not exhibit a significant response to the dietary treatments (P > 0.05); however, the thickness, breaking strength, and elastic modulus exhibited significant responses to the dietary treatments at the end of 62 wk (P < 0.05). At the end of 62 wk, the eggs of the control exhibited the greatest egg weight (66.58 g) and lowest eggshell toughness (411.0), thickness (0.353 mm), the breaking strength (31.46 N), and elastic modulus (6,888 N/m 2 ). Dietary supplementation with 100 and 200 mg/kg either inorganic or organic Mn significantly increased the eggshell elastic modulus compared with the control treatment at 62 wk (P < 0.05). Compared with the control, dietary supplementation with 100 mg/kg of organic Mn increased the eggshell breaking strength by 28.9% (P < 0.05); dietary supplementation with 100 mg/kg of inorganic Mn increased the eggshell thickness by 13.0% (P < 0.05) at the end of 62 wk.
For equal supplementation with 25 mg/kg of Mn, the layers that received the organic and inorganic sources exhibited a different thickness and breaking strength at 62 wk (P < 0.05). However, for equal supplementation with 100 and 200 mg/kg, the layers that received the organic and inorganic sources did not exhibit differences in the eggshell parameters throughout the feeding trial (P > 0.05). Dietary supplementation with 50 mg/kg organic Mn yielded a significant increase in the elastic modulus compared with the 50 mg/kg inorganic Mn group (P < 0.05).
We did not observe differences in tibia ash Mn content or calcium and phosphorus content in the eggshell between the dietary treatments at the end of 62 wk (P > 0.05); we did observe differences in the eggshell The means were calculated using n = 6 replicates (150 eggs/replicate)/treatment.
2
The means were calculated using n = 6 replicates (10 eggs/replicate)/treatment.
3
The means were calculated using n = 6 replicates (5 eggs/replicate)/treatment. The means in a row with no common superscripts differ significantly (P < 0.05).
1
The means were calculated using n = 6 replicates (150 eggs/replicate)/treatment.
2
3
The means were calculated using n = 6 replicates (5 eggs/replicate)/treatment. The means in a column with no common superscripts differ significantly (P < 0.05).
1 The means were calculated using n = 6 replicates (1 layer/ replicate)/treatment.
2 The means were calculated using n = 6 replicates (5 eggs/ replicate)/treatment.
Mn content between the dietary treatments at the end of 62 wk (P < 0.05) ( Table 5 ). The layers fed organic Mn deposited more Mn in the eggshell than layers fed inorganic Mn (P < 0.05).
The factorial ANOVA analysis (source×level×age, 2 × 4 × 4) indicated that both the dietary supplement levels and Mn sources significantly influenced the eggshell breaking strength (P < 0.05) ( Table 6 ). Either the dietary supplement level or source did not influence the eggshell quality parameters (P > 0.05). As the layer aged, the egg weight increased (P < 0.01), while the thickness, toughness, and stiffness decreased (P < 0.01). We did not observe interactions between level×source, age×source, and level × source × age for the eggshell parameters (P > 0.05), but the age×level interaction was significant for the eggshell stiffness (P = 0.006).
An exponential regression model indicated that the bioefficacies of organic Mn (amino acid-Mn) compared with inorganic Mn (Mn sulfate monohydrate) were 357% (shell thickness), 406% (breaking strength), 458% (elastic modulus), and 470% (eggshell The parameter data were analyzed using a factorial ANOVA procedure (4 × 2 × 4, level × source × age).
Mn), as efficacious as inorganic Mn at equimolar levels (Figures 1a-d) .
DISCUSSION
This study indicates that dietary Mn supplementation levels and sources do not affect egg production, feed efficiency and feed consumption, which is consistent with previous studies (Mabe et al., 2003; Yildiz et al., 2010; Xiao et al., 2014) . However, the eggshell breaking strength and thickness of layers significantly responded to dietary supplementation with either inorganic or organic Mn, which differs from certain studies (Dale, 1998) . The basal diet Mn content differences, layer age, and trial length may be the basis for the different result, which was discussed in Xiao et al. (2014) ; the Mn content in Dale (1998) was 93 mg/kg, which is much greater than the Mn requirements (25 mg/kg) suggested by NRC (1994) . In the present study, the basal diet Mn content was 14.4 mg/kg, and the age of the birds was 50 wk; it is reasonable that the effect of adding Mn to aged layers was more apparent than young layers; on the other hand, lowering the Mn content in the basal diet should reinforce the dose response to Mn dietary supplementation.
Numerous studies have been performed to evaluate the bioefficacy of organic Mn sources in broilers (Li et al., 2004; Berta et al., 2004; Li et al., 2005; Ji et al., 2006a,b; Yan and Waldroup, 2006; Bao et al., 2007; Luo et al., 2007) ; however, studies that compare the bioefficacy of organic and inorganic Mn for layers are limited (Fernandes et al., 2008; Attia et al., 2010) . Moreover, few reports provide quantitative estimates on the bioefficacy of organic Mn for layers. Sensitive parameters must be applied to evaluate the bioefficacy of organic Mn compared with inorganic Mn. Sensitive parameters, such as bone Mn, heart Mn, MnSOD activity, and Mn-SOD mRNA, were applied to evaluate the bioefficacy of organic Mn in broilers. However, it is more difficult to discern sensitive parameters that respond to dietary Mn in layers because the egg or eggshell is not only regulated by dietary Mn but also the layer itself (layers can utilize part of nutrients reserved in its body to produce egg, e.g., calcium in the bone); in addition, the feeding trial time was much longer than for ), where y = eggshell quality criterion (thickness, breaking strength, elastic modulus, etc.), a = intercept (eggshell quality parameters with the basal group), a+b = asymptote of eggshell quality criterion, c 1 = slope ratio for inorganic Mn (MnSO 4 ·H 2 O), c 2 = slope ratio for organic Mn (Mn-amino acid), and x 1 , x 2 = dietary supplemented level of inorganic Mn, organic Mn, respectively, the relative bioefficacy value can be given as the ratios of slope comparison: c 2 /c 1 .
broilers. Most studies (Mabe et al., 2003; Yildiz et al., 2010; Xiao et al., 2014) reported that egg performance parameters did not exhibit a significant response to Mn dietary supplement levels and sources (P > 0.05). In the present study, we observed a few eggshell quality parameters, such as breaking strength, thickness, elastic modulus, and eggshell Mn content, that exhibited a significant response to the Mn dietary supplement levels and sources (P < 0.05), and it is reasonable to apply these sensitive parameters to evaluate the bioefficacy of organic Mn compared with inorganic Mn in aged layer eggshell quality.
In the present study, an exponential regression model was applied to calculate the relative bioefficacy of organic Mn. It can be justified from the data structure (Figures 1a-d) that the eggshell criterions (e.g., thickness or breaking strength) response was accord with the trend of exponential model. In addition, linear and quadratic regression models were also tried to quantify the bioefficacy (data not shown), since the degree of fitting were relatively low, and data structure were not accord with linear or quadratic models within the four supplemental levels. The protocol for this study included 4 levels of dietary Mn supplementation for each source, 25, 50, 100, and 200 mg/kg, and the layers' response (e.g., thickness or breaking strength) plateau was quickly reached when the dietary Mn supplementation level was between 50 and 100 mg/kg. The accuracy of the exponential model assay used in the present study may be improved if the dietary Mn supplemental levels were revised as: 0, 25, 50, 75, and 100 mg/kg, since 100 mg/kg was closed to the asymptote (eggshell criterions), where 200 mg/kg was much higher than Mn requirement in the diet. We recognized this point when we finished the study and found no additional effects on eggshell quality upon dietary supplementation with inorganic Mn at levels greater than 100 mg/kg. Parameters (e.g., egg weight, eggshell ratio, shape index, and toughness) that did not exhibit a significant response (P > 0.05) to dietary Mn supplementation at different ages were not considered in the bioefficacy analysis.
A factorial ANOVA procedure (2 × 4 × 4, source × level × age) was applied to analyze the effect of age and interaction between age × level, age × source, and age×level×source on the eggshell quality parameters, the results indicate that age does influence the eggshell quality parameters, such as thickness, toughness, egg weight, and stiffness (P < 0.05). However, we did not observe an interaction between age × level, age × source or age × level × source (P > 0.05), except age × level for stiffness (P < 0.05). Thus, organic Mn bioefficacy was not a constant quantity at different ages. The present study suggesting that eggshell quality and the effect of Mn become more pronounced with the age. Likely, the relative bioefficacy of organic Mn compared with inorganic Mn would be greater when the level of Mn deficiency in the control layers is greater through delaying the feeding trial to 70 wk.
The relative organic Mn bioefficacy depends on its absorption and MnSO 4 ·H 2 O solubility in the intestine. Reports indicate that organic Mn is better absorbed than inorganic Mn in the layer's ileum (Ji et al., 2006a,b) . Bai et al. (2012) reported that organic Mn sources exhibit greater transport and absorption than inorganic Mn, and the divalent metal transporter 1 might enhance the organic Mn transport in broiler intestine. The present study indicates that the eggshell Mn in layers fed 25 mg/kg organic Mn was greater than layers fed 25 mg/kg inorganic Mn (P < 0.05). This suggest that organic Mn was better absorbed than inorganic Mn or the layers retained more organic Mn than inorganic Mn in the eggshell. On the other hand, the sulfate Mn produced by a native manufacturer (from an independent distributor) was used as the control standard Mn source. Thus, the organic Mn bioefficacy quantitated in the present study is based on the sulfate Mn quality, which should be considered by a nutritionist when the quantities are referenced to formulate a commercial diet.
One report indicates that Mn is mainly distributed in the eggshell, and the remaining trace minerals, such as zinc or copper, are mainly distributed in the egg yolk (Mabe et al., 2003) ; the report indicated that Mn likely plays an important role in eggshell formation. The present study also shows that dietary Mn treatment markedly influences the eggshell Mn (P < 0.01); the eggshell Mn increased with an increase in the dietary supplementation levels of either organic or inorganic Mn. The eggshell Mn from the layers fed 25 mg/kg organic Mn was greater than from the layers fed 25 mg/kg inorganic Mn (P < 0.05). In contrast, Mabe et al. (2003) found that the eggshell Mn of layers fed 30 mg/kg organic Mn was lower than layers fed 30 inorganic Mn (P < 0.05), which differs from the results of our study. The inconsistent effects from different Mn sources on eggshell Mn content and its mechanism requires further study.
In the present study, we did not observe differences in egg production between the control and Mnadded groups (P > 0.05); this result is in consistent with Inal et al. (2001) and Xiao et al. (2014) , which confirmed that dietary Mn supplementation does not affect egg production under the experimental conditions of our study. In this study, eggshell quality, such as eggshell breaking strength, thickness, and elastic modulus, was better in the 100 mg/kg dietary supplementation group than the 25 mg/kg and control groups. Our result confirms that the requirement (25 mg/kg) suggested by NRC (1994) is inadequate for aged layers to yield enhanced breaking strength, thickness, and elastic modulus of eggshell. Moreover, we did not observe differences in eggshell quality between the 100 and 200 mg/kg Mn supplementation level groups, which differs from certain previous studies (Whisenhunt and Maurice, 1985; Ochrimento et al., 1992; Fassni et al., 2000) that indicate dietary supplementation at greater than 100 mg/kg Mn can increase the eggshell breaking strength. This study indicates no additional effects on eggshell quality upon dietary supplementation with inorganic Mn at levels greater than 100 mg/kg.
In conclusion, dietary Mn supplementation with either organic or inorganic Mn can improve eggshell breaking strength, thickness, and elastic modulus compared with the control group in the condition of this study. The bioefficacies of organic Mn (amino acid-Mn) compared with inorganic Mn (Mn sulfate monohydrate) were 357% (shell thickness), 406% (breaking strength), 458% (elastic modulus), and 470% (eggshell Mn) based on equimolar levels at the end of 62 wk.
